Autophagy is a highly conserved cellular process that degrades modified, surplus, or harmful cytoplasmic components by sequestering them in autophagosomes which then fuses with the lysosome for degradation. As a major intracellular degradation and recycling pathway, autophagy is crucial for maintaining cellular homeostasis, as well as for remodeling during normal development. Impairment of this process has been implicated in various diseases, in the pathogenic response to bacterial and viral infections, and in aging. Pluripotent stem cells, with their ability to self-replicate and to give rise to any specialized cell type, are very valuable resources for cell-based medical therapies and open a number of promising avenues for studying human development and disease. It has been suggested that autophagy is vital for the maintenance of cellular homeostasis in stem cells, and subsequently more in-depth knowledge about the regulation of autophagy in stem cell biology has been acquired recently. In this review, we describe the most significant advances in the understanding of autophagy regulation in hematopoietic and mesenchymal stem cells, as well as in induced pluripotent stem cells. In particular, we highlight the roles of various autophagy activities in the regulation of self-renewal and differentiation of these stem cells.
Introduction
Autophagy, meaning "self-eating" in Greek, is defined as a cellular process responsible for the degradation of cytosolic proteins and subcellular organelles in lysosomes [1] . This process occurs at a basal level in most tissues, contributing to the routine turnover of cytoplasmic components, and as part of tissue homeostasis. Generally, autophagy can be induced by starvation or other forms of cellular stress, which results in lysosomal degradation and recycling of the resulting degradation products to generate cellular building blocks and energy for cellular renovation and homeostasis [2] . Beside this important recycling function, autophagy is increasingly recognized as a quality control mechanism for both proteins and organelles [3] [4] [5] . Induced by energy or nutrient starvation or a quality control mechanism, autophagy regulates a number of essential cellular processes including self-renewal, differentiation, senescence, and apoptosis [6] [7] [8] . Three types of autophagy are generally considered to occur in mammals: macroautophagy [9] , microautophagy [10] , and chaperone-mediated autophagy [11] . Macroautophagy is the major type of autophagy observed in most cells, and consequently, it has been the most extensively studied compared to the other types; hence, for the purposes of this review, we will refer to macroautophagy as "autophagy."
Autophagy can be thought of as a process of cellular self-cannibalism in which cytoplasmic components (i.e., macromolecules [12] and organelles [13, 14] ) are sequestered and enclosed within double-or multimembraned vesicles (autophagosomes), which then fuses with the lysosome to become an autolysosome and degrade the materials contained within it. Hydrolytic enzymes in the lysosome degrade the content of the autophagosome, and the resulting breakdown products, such as amino acids and fatty acids, are then recycled [15] (Figure 1 ). The formation of the autophagosome is tightly controlled by the sequential activation of a series of well-characterized protein complexes. For example, the ULK1-ATG13-FIP200-ATG101 complex is responsible for the induction of autophagy [16, 17] , the class III phosphatidylinositol (PtdIns) 3-kinase complex (BECN1, ATG14/ATG14L, VPS15, VPS34, and AMBRA1) is responsible for the initiation of the autophagosome [18, 19] , and the ATG12-5-16 and LC3-II are responsible for the formation of autophagosome [20] [21] [22] . Specifically, Atg12 is a ubiquitin-like protein that is activated at its C-terminus by the E1 enzyme Atg7 and then transferred to the E2 enzyme Atg10 before being covalently linked to Atg5 [23] . This Atg12-Atg5 conjugate, together with Atg16, forms a complex (Atg12/Atg5/Atg16) that is essential for autophagy [24] ; this system is also conserved in mammalian cells [25] . A second system utilizes enzymatic cleavage of the precursor Atg8 by Atg4, with the resultant cleaved Atg8 being covalently bound to the lipid phosphatidylethanolamine (PE) through an amide bond by the sequential actions of the E1 enzyme Atg7 and the E2 enzyme Atg3; this latter process is facilitated by the Atg12/Atg5/Atg16 complex referred to above [26] . Upon autophagosome maturation and fusion of its outer membrane with the lysosome membrane, the autophagosome contents, as well as its inner membrane, are degraded to generate amino acids and other cellular building blocks for recycling by the cell.
Autophagy is a highly conserved process that is regulated by complex signaling pathways. Among these signaling pathways, the mammalian target of rapamycin (mTOR) and
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Atg12-Atg5-Atg16 Figure 1 : Schematic depiction of the autophagy pathway and potential targets for modulating autophagy. mTORC1 activity suppression or AMPK activation leads to the activation of the ULK1 complex, formed by ULK1, ATG13, FIP200, and ATG101. The active ULK1 complex and the class III phosphatidylinositol-3-phosphate (PtdIns3P) kinase complex, formed by BECN1, ATG14, VPS15, VPS34, and Ambra1, control the initiation of autophagosome, via PtdIns3P formation and WIPI recruitment. The Atg-Atg12-Atg16 complex and LC3-II control the formation of autophagosome. Autophagy can be activated by drugs such as rapamycin that induce autophagy through mTOR inhibition. In contrast, inhibition of class III PI3K by 3-MA can inhibit autophagy. In addition, chloroquine inhibits lysosomal enzymes and also prevents the fusion of autophagosome and lysosome, resulting in the inhibition of autophagy.
AMP-activated protein kinase (AMPK) pathways are the two major pathways that regulate autophagy in mammals [27] . In response to nutrient-rich, low cell stress conditions, the mTOR pathway is activated and promotes protein translation and cell growth. Activation of the mTOR pathway by specific depletion of tuberous sclerosis complex 1 (TSC1) inhibits autophagy [28, 29] . In contrast, activation of the AMPK pathway induces autophagy. Under conditions of metabolic stress, the AMPK pathway is activated, resulting in the phosphorylation of p27, a cyclin-dependent kinase inhibitor, at Thr 198. Phosphorylation of p27 increases its stability, and this permits the cell to survive growth factor withdrawal through autophagy. In addition to these two major regulatory pathways, other pathways and cell stress conditions have also been reported to participate in the regulation of autophagy, including the AKT/PKB pathway, the p52 pathway, the inositol pathway, endoplasmic reticulum stress, hypoxia, and the generation of reactive oxygen species (ROS) [30] .
Stem cells are widely distributed in postnatal organs and tissues. In mammals, somatic stem cells play an essential role in development, tissue renewal, and certain disease processes. In contrast to the large amount of data derived from studies of somatic cells, cancer cells, and various disease models, the role of autophagy in the regulation of stem cell biology is poorly understood. It is accepted that the self-renewal and differentiation of stem cells require a strict control of protein turnover and lysosome-mediated degradation of the organelles [31] . Moreover, the autophagic process has been recently recognized as a major mechanism by which cells can attain their precise morphology and function, through the control of protein turnover [32] . Recent studies have shown that stem cell self-renewal and differentiation depend on the activation of autophagy [33, 34] . In response to the environment induction and the activation of hormones, autophagy can efficiently transport sets of transcription factors, adhesion molecules, or secreted factors, all of which are very important for stem cell selfrenewal and differentiation.
Thus, autophagy is expected to play an important role in the regulation of stem cell biology. In this review, we discuss current knowledge from a range of different stem cell systems that significantly advance our understanding of the role of autophagy in stem cell biology (Figure 2 ).
Autophagy in Hematopoietic Stem Cells
Hematopoietic stem cells (HSCs) are the stem cells that give rise to all blood cells through the process of hematopoiesis. The continued maintenance of blood cells is ensured by a pool of HSCs that reside in hypoxic niches in the bone marrow [35, 36] . Recent works suggested that autophagic mechanisms are highly active in HSCs [37] . HSCs can quickly turn on the autophagic process to allow them to cope with cellular stresses, orchestrated by forkhead box O3 (FoxO3, a transcription factor) [38] or in response to increased metabolic load through the induction of parkindependent mitophagy [39] .
Autophagy has been reported to be indispensable during the self-renewal of HSCs. One in vitro study revealed that human adult HSCs fail to form colonies in colonyforming assays when autophagy is inhibited using 3-methyladenine (3-MA), an autophagy inhibitor that targets phosphatidylinositol 3-kinase (PI3K), or an siRNA targeted to ATG5 [33] . In the hematopoietic system, loss of the essential autophagy gene Atg7 or Atg5 impairs HSC function, leading to severe myeloproliferation and bone marrow failure [38, 39] . Moreover, deleting the essential autophagy gene Atg7 in the hematopoietic system results in HSCs that have an accumulation of mitochondria and ROS, as well as increased proliferation and DNA damage [38] . These findings indicated the essential role of autophagy in the maintenance of HSCs.
Autophagy has also been reported to positively regulate HSC differentiation. Autophagy prevents apoptosis during the cell differentiation process, by preventing ROS generation, ER stress, and DNA damage. For example, monocytes, which are derived from HSCs, eventually differentiate into macrophages or dendritic cells [40] . However, monocytes are programmed to undergo apoptosis in the absence of stimulation [41] , and the monocyte-macrophage differentiation stimuli not only cause cellular changes but also prevent the default apoptosis of monocytes [42] . Zhang et al. have demonstrated that autophagy is induced when monocytes are triggered to differentiate. A differentiation signal releases beclin1 from Bcl-2 by activating JNK and blocks Atg5 cleavage, thereby inducing autophagy. Furthermore, this induction of autophagy is critical for the survival and differentiation of monocytes. Inhibition of autophagy also results in the apoptosis of cells that are undergoing differentiation [42] . This finding indicates that induction of autophagy is essential for monocyte-macrophage differentiation. Clearance of organelles is also an important process in the regulation of HSC differentiation. During red blood cell differentiation, the nucleus is expelled from the cell, whereas mitochondria are cleared by means of mitophagy [43] . Targeted deletion of autophagy genes, including Ulk1 [44] , Atg7 [45] , Bnip3L [46] , and Fip200 [47] , caused defective erythroid differentiation and anemia. Metabolic adaption is linked to autophagy by providing the nutrients and ATP necessary for differentiation. Xu et al. have shown that autophagy decreased in activated proliferating effector CD8+ T cells and was then upregulated when the cells stopped dividing. Deletion of the autophagy-related molecule Atg5 or Atg7 has little to no effect on the proliferation and function of these effector T cells, but these autophagy-deficient effector cells had survival defects that resulted in the compromised formation of memory T cells, indicating that autophagy is needed during the differentiation of memory T cells [48] . endothelial cells, cardiomyocytes, and neurons, when exposed to the appropriate signals [49] . Studies have suggested that autophagy can induce BMSC apoptosis or promote BMSC proliferation. Recently, several studies have also shown that hypoxic conditions activate the BMSC autophagic flux through the AMPK/mTOR pathway, and this activation of autophagy contributes to hypoxiainduced apoptosis. In this study, the number of TUNELpositive cells decreased in the presence of the autophagy inhibitor 3-MA, whereas the number of TUNEL-positive cells was increased by the autophagy inducer rapamycin. In this study, the authors measured autophagy induction by LC3 formation, which was shown to be blocked by 3-MA and increased by rapamycin under hypoxic conditions [50, 51] . An opposing study from Li et al. found that autophagy is involved in hypoxia-inducted BMSC proliferation. These authors showed that hypoxia induces the proliferation of BMSCs through the activation of the apelin/APJ/autophagy signaling pathway [52] . On the other hand, other studies have suggested that autophagy is important for preventing senescence in BMSCs. Compared to tibia-derived BMSCs (T-BMSCs), mandible-derived BMSCs (M-BMSCs) were reported to have higher levels of expression of the special AT-rich sequence-binding protein 2 (SATB2) and stemness markers (such as NANOG, OCT-4, SOX2, and NESTIN); however, they also exhibited higher degrees of autophagy and a greater resistance to aging under normal or hypoxic/ serum deprivation conditions [53] .
Autophagy also promotes BMSC differentiation into the osteoblastic lineage. Nuschke et al. have recently demonstrated that undifferentiated BMSCs accumulate nondegraded autophagic vacuoles, with little autophagic turnover, whereas stimulation of osteogenic differentiation leads to a consistent increase in autophagic turnover. In addition, SATB2, an AT-rich DNA-binding protein, has the ability to promote osteogenic differentiation and bone defect regeneration in BMSCs, and this is thought to occur through the upregulation of pluripotency genes and autophagy-related genes, which, in turn, activate the PTEN/AKT/mTOR signaling pathway [54] .
Autophagy in Skeletal Muscle Stem Cells
Skeletal muscle stem cells or satellite cells (SCs) are located between the basement membrane and the sarcolemma in muscle fibers and are responsible for the growth and regeneration of muscle fibers following injury or disease [55, 56] .
Autophagy has been found to play a positive role in maintaining the stemness status of SCs. Satellite cells are usually in the quiescent state, but they can be stimulated to enter the proliferative state when exposed to environmental stimuli [57] . In this context, autophagy was demonstrated to operate in two different scenarios. In the first scenario, a recent study has reported that autophagy was induced during SC activation. Specifically, this study has proposed that autophagy, induced by Sirt1 during SC activation, provides the nutrients necessary to meet the bioenergetic requirements for the transition of SCs from the quiescent state to the activated state during muscle injury. This study also proposed that a relative lack of nutrient availability induces autophagy by deacetylating ATG7 during the activation phase [58] . Of note, this study proposed that a relative lack of nutrient availability induces autophagy during the satellite cell activation phase, mimicking starvation-induced autophagy, a process necessary for cellular adaptation to nutritional stress. In the second scenario, autophagy maintains stemness by preventing senescence. García-Prat et al. have reported that young quiescent SCs have a basal autophagic flux in resting muscle and that this basal activity helps to preserve the integrity and fitness of the muscle fibers. These studies also revealed that the regenerative function of SCs declines during aging, owing mainly to the transition from a normal quiescent state into an irreversible senescent state [59, 60] . The physiological decline of autophagy in older SCs, or in genetically impaired young cells, can result in toxic cellular waste accumulation, which causes an entry into senescence and a decline in the function and number of SCs. However, a reestablishment of autophagy can reverse the senescent state and restore the regenerative function of geriatric SCs [60] . Thus, autophagy is required for the homeostatic maintenance of SCs under normal physiological conditions as well as during aging.
Active autophagy is coupled with the regeneration of dystrophic muscles. Stimulating autophagy enhances adult SC activation and proliferation, whereas inhibition of autophagy leads to a complete impairment of both processes. Interventions that extend the activation of autophagy might be beneficial in the treatment of Duchenne muscular dystrophy [61] . Thus, autophagy could be used as a "disease modifier" whereby a treatment that increases autophagy could promote muscle regeneration and delay disease progression.
Autophagy in Hepatic Progenitor Cells
The liver is unique in its extraordinary capacity to regenerate following a variety of injuries. Studies have shown that the regenerative ability of the liver can be mainly attributed to resident hepatic progenitor cells (HPCs), which are defined as cells that give rise to both hepatocytes and biliary epithelial cells (cholangiocytes) following liver injury [62] . While the role of autophagy in the regulation of hepatocytes has been wildly studied during liver regeneration [63] and the maintenance of liver metabolic homeostasis [64] , there is very little knowledge available concerning the role of autophagy in HPCs.
It has been reported that inhibition of autophagy by knockdown of the essential autophagy gene Atg5 or beclin1 (Becn1) impaired the clonogenic and proliferative capability of HPCs. In this study, the efficiency of hepatic progenitor cell (HPC) self-renewal was assessed by the rate of colony formation using a colony-forming unit (CFU) assay. HPCs were infected with lentivirus expressing shNC or shRNA inhibiting Atg5 or Becn1. CFU numbers in shAtg5/shBecn1-HPCs were significantly decreased compared with those in shNC-HPCs. In addition, an in vitro proliferation assay demonstrated that the level of proliferation in shAtg5/shBecn1-HPCs was significantly lower than that in shNC-HPCs at 24, 48, and 72 hours after plating [65] . Similar results were found by Xue et al. who found that Atg7 or Atg5 inhibition reduced the colony-and spheroid-forming ability of HPCs. A deficiency in autophagy has also been shown to increase the accumulation of damaged mitochondria and mitochondrial reactive oxygen species (mtROS) and suppress the homologous recombination (HR) pathway for DNA damage repair in HPCs [66] . These results demonstrated that autophagy plays an indispensable role in stemnessassociated expansion.
As far as current studies have reported, autophagy plays a negative role in the process of HPC differentiation. Zeng et al. have demonstrated that autophagy, detected by an increase in the LC3-II/LC3-I ratio, is decreased during the early stage of biliary differentiation of HPCs and is then maintained at a low level at later stages in the differentiation process [67] . To investigate whether induction of autophagy has an effect on the biliary differentiation of HPCs, they have examined the effect of two autophagy stimuli, the mTOR inhibitor rapamycin and starvation. Activation of autophagy by rapamycin or starvation suppressed the biliary differentiation of WB-F344 cells and led to the increase in the LC3-II/LC3-I ratio and in P62 levels [67] . They also have reported that autophagy inhibits the Notch1 signaling pathway, which contributed to biliary differentiation and morphogenesis. These results demonstrate that autophagy regulates biliary differentiation of hepatic progenitor cells through the Notch1 signaling pathway [67] . The effects of autophagy, p62, and related signaling pathways on hepatic differentiation were further investigated. Sugiyama et al. have reported that silencing the genes for ATG5 and/or SQSTM1/p62 promotes the amino acid activation of the mTOR pathway, indicating that promoting the amino acid sensitivity of the mTOR pathway is dependent on p62 accumulated by inhibition of autophagy and that this process plays an important role in the hepatic differentiation of stem/progenitor cells [68] .
Autophagy in Cardiac Stem Cells
Characterized by the death of cardiomyocytes, heart failure remains one of the leading causes of death in the world [69] . Mobilizing heart endogenous cardiac stem cells (CSCs) to differentiate into myocardial cells is a new strategy that is being attempted to treat heart failure [70, 71] .
Increased cardiac differentiation is associated with decreased proliferation of cardiomyocytes [72] . The role of autophagy in facilitating differentiation of CSCs was initially recognized by Zhang and his colleagues [73] . In their study, the FGF signaling axis was reported to inhibit the premature differentiation of CSCs by suppressing autophagy. The Wnt signaling pathway, an upstream regulator of the FGF pathway, also exerts an inhibitory effect on cardiac cell differentiation mediated through GSK3-TIP60-ULK1 signaling [73] . Shi et al. have revealed that changes in cholesterol metabolism (β-cyclodextrin) induce autophagy by increasing the expression of Atg5 and also trigger myocardial differentiation of CSCs. This process was characterized by the activation of the JNK/STAT3 and GSK3β/β-catenin pathways, followed by the increased expression of cardiac transcription factors (Nkx2.5 and GATA4), structural proteins (e.g., cardiac troponin T), and transcriptional enhancers (e.g., Mef2c) and an induction of GATA4 translocation to the cell nucleus [74] . Zhang et al. have investigated the mechanism by which FGF signaling regulates CSC differentiation and demonstrated that disruption of FGF signaling leads to the premature differentiation of CSCs in mice. Moreover, they also reported that inhibiting FRS2α-mediated signaling increases autophagy by increasing LC3-II levels and promotes the myocardial differentiation of CSCs and vice versa, indicating the positive role of autophagy in CSC differentiation [72] .
Autophagy in Neural Stem Cells
As discussed above, autophagy is a metabolic mechanism that maintains cellular homeostasis, through which the metabolic needs of cells and the renewal of organelles can be met. Because a defect in autophagy results in altered protein turnover, or the accumulation of misfolded proteins, this could underlie a number of neurodegenerative diseases, such as Alzheimer's disease, Parkinson's disease, and Huntington's disease [75, 76] . Neural stem cells (NSCs) are self-renewing, multipotent cells that are present in neurogenic niches in the brain and are responsible for generating the neuronal and glial cells in the nervous system. Recent studies have shown that autophagy is involved in the regulation of stemness and neurogenesis in neural stem cells (NSCs) [77, 78] .
Autophagy defects may lead to defective self-renewal of NSCs. For example, activation of the FOXO family (e.g., FOXO1 and FOXO3) of transcription factors has been reported to be involved in the activation of autophagy in cancer cells, as well as in muscle [79, 80] . In addition, inactivation of FOXO1, FOXO3, and FOXO4 (or FOXO3 only [81] ) results in defective self-renewal and differentiation of NSCs, paralleled by increased ROS production [82] . These findings raise the interesting possibility that autophagy defects in these mice might contribute to the ROS elevation caused by FOXO deficiency, thus leading to defective selfrenewal of NSCs.
There is also evidence for an active role for autophagy during NSC differentiation. During differentiation, NSCs need to remodel their cytoskeleton and shape in an energy-consuming process. The capacity of autophagy to recycle cellular components and provide energy could fulfill these requirements, thus supporting differentiation. Vázquez et al. have reported an increase in the expression of the autophagy genes Atg7, Becn1, Ambra1, and LC3 in the mouse embryonic olfactory bulb during the initial period of neuronal differentiation, along with a parallel increase in neuronal markers, while pharmacological inhibition of autophagy with 3-MA or wortmannin markedly decreased neurogenesis in mice, supporting the role of autophagy in neuronal differentiation. This study indicates a homeostatic role for autophagy as an energy provider during the early stages of neuronal differentiation [83] . Fimia et al. have also shown that the Ambra1 (activating molecule in beclin1-regulated autophagy) knockout in mouse embryos leads to severe neural tube defects associated with autophagy impairment, the accumulation of ubiquitinated proteins, unbalanced cell proliferation, and excessive cell death [84] .
Taken together, all these observations point to the concept that autophagy plays a supporting role in the proliferation and neuronal differentiation of NSCs.
Autophagy in Adipose-Derived Stem Cells
Being easily harvested from adipose tissue and abundant in number, adipose-derived stem cells (ASCs) are among the most promising sources of MSCs available.
Recent studies have shown that autophagy can work either as a promoter or as a suppressor in the ASC differentiation process. Lu and his colleagues have demonstrated the positive role of autophagy in the process of ASC differentiation into neuronal-like cells. Their data revealed that the ASCs exhibit a neuronal-like morphology and a significantly increased differentiation rate after rapamycin induction (200 μg/L) compared to the control. Moreover, expression of the autophagy protein (LC3) was also significantly upregulated with respect to untreated cells [85] . Zhao et al. have investigated the negative role of autophagy in the adipogenic differentiation of hASCs and demonstrated that gammatocotrienol specifically inhibited the early stages of adipogenic differentiation of hASCs. Importantly, this process is regulated by activation of autophagy, as shown by increases in autophagic flux and cytosolic autophagosome (LC3II) accumulation [86] . Bo et al. also discovered that autophagy plays a negative regulatory role in adipogenic differentiation. Fluoxetine, a drug used to treat obesity, has been shown to inhibit the proliferation and adipogenic differentiation of ASCs, likely through increasing the expression of the autophagy-related genes, SQSTM1 and LC3II [87] . Ejaz et al. identified DIRAS3 and IGF-1 as target genes that were upregulated in ASCs derived from the subcutaneous white adipose tissue of long-term weight loss patients. Moreover, DIRAS3 downregulates Akt-mTOR signaling in ASCs and inhibits adipogenesis and activates autophagy in these cells [88] .
The relationship between nuclear factor erythroid 2-related factor 2 (Nrf2) and autophagy has been investigated extensively. Nrf2 is a transcriptional factor that promotes cell survival and protects cells against oxidative stress-induced damage [89] . Nrf2 is negatively regulated by Kelch-like ECH-associated protein 1 (Keap-1), which binds to Nrf2 in the cytoplasm and directs it for proteasomal degradation [90] . The p62/sequestosome 1 (SQSTM1) protein acts as a cargo receptor for autophagic degradation of ubiquitinated targets. Induction of the p62 gene by oxidative stress is mediated by Nrf2, and, at the same time, the p62 protein contributes to the activation of Nrf2. In addition, p62 docks and binds directly to Keap-1 via a motif designated in the Keap-1 interacting region (KIR). The binding of p62 to Keap-1 blocks the interaction between Keap-1 and Nrf2, and then Nrf2 goes to the nucleus and facilitates the activation of Nrf2 target genes [91] [92] [93] . Thus, p62 contributes to the activation of Nrf2 target genes in response to oxidative stress by creating a positive feedback loop. Tao et al. have explored the involvement of the Nrf2 pathway and autophagy on the osteogenic differentiation of ASCs under oxidative stress conditions [94] . They found that exposure of ASCs to H 2 O 2 led to the induction of apoptosis and autophagy, the upregulation of Nrf2, and the promotion of osteogenesis. In contrast, suppression of autophagic activity resulted in the activation of the Nrf2 pathway and the inhibition of osteoblastic differentiation of ASCs upon ROS stimulation. Silencing of Nrf2 has been shown to promote autophagy and the osteoblastic differentiation of ASCs upon ROS stimulation [94] . These findings indicate that oxidative stress induces autophagy and promotes osteoblastic differentiation of ADSCs, and these effects are enhanced by the silencing of Nrf2, suggesting that a negative interaction between the Nrf2 pathway and autophagy may modulate oxidative stress-induced ASC osteogenesis.
Autophagy in Intestinal Stem Cells
Throughout life, the intestinal tract undergoes a continual and rapid turnover of epithelial cells. Studies in both mice and humans have shown that this process is regulated and maintained by a population of intestinal stem cells (ISCs), which are capable of replenishing themselves and giving rise to all of the intestinal epithelial cell lineages [95] .
Recent work has suggested that intrinsic autophagy is important for the maintenance of intestinal stem cells by reducing excessive reactive oxygen species. This stem cell maintenance is necessary to provide for damage-induced intestinal regeneration. Asano et al. have shown that intrinsic autophagy in ISCs is important for ISC maintenance by reducing excessive ROS. Mice lacking ATG5 in intestinal epithelial cells (iECs) had significantly fewer ISCs than did control mice and showed impaired ISC-dependent intestinal recovery after irradiation. Crypt ISCs from Atg5ΔIEC mice had significantly higher reactive oxygen species (ROS) levels than did those from control mice. A ROS-inducing reagent decreased the ISC number and impaired ISC regenerative capacity in vitro, and treating Atg5ΔIEC mice with an antioxidant rescued these defects [96] . Similar results were found by Shaffiey et al. They found that acute exposure to lipopolysaccharide (LPS) caused a significant reduction in the mRNA expression of cycling stem cell markers in both WT and ATG7ΔIEC mice; however, the changes were much more dramatic in ATG7ΔIEC mice. These phenomena suggested that autophagy may help intestinal repair through the regulation of ISCs [97] .
Given that autophagy is essential for the recovery of iECs after irradiation or LPS treatment, optimizing autophagy, particularly in ISCs, might promote the recovery of iECs after injury and perhaps lead to an autophagy-based therapy.
Autophagy in Induced Pluripotent Stem Cells
Induced pluripotent stem cells (also known as iPS cells or iPSCs) are a type of pluripotent stem cells that can be generated from adult (nonpluripotent) cells. They not only bypass the need for embryos but can be made in a patient-matched manner, holding a great promise in the field of regenerative medicine [98] . iPSCs are typically obtained by introducing a specific set of pluripotency-associated genes into adult cells. The original set of reprogramming factors (also dubbed Yamanaka factors) used for the productions of iPSCs is the transcription factors Oct4 (Pou5f1), Sox2, cMyc, and Klf4. Upon introduction of these reprogramming factors, cells begin to form colonies that resemble pluripotent stem cells and can be isolated based on their morphology or surface markers. Recent studies have shown that high levels of basal autophagy activity are present during iPSC derivation and maintenance. Successful generation of iPSCs entails a major metabolic switch from mitochondrial oxidative phosphorylation to glycolysis during the reprogramming process; this process is related to the mTOR signaling pathway. In particular, fine-tuning of mTOR signaling can affect mitochondrial dynamics to allow for the segregation of mitochondria that are destined for clearance through autophagy [99] .
A further study has revealed that mTOR is downregulated by Sox2 at an early stage of iPSC generation and that this transient downregulation of mTOR is required for reprogramming to occur. In the absence of Sox2, mTOR remains at a high level and inhibits autophagy. This finding indicates that Sox2-dependent temporal regulation of autophagy is a key step in cellular reprogramming processes [100] . Canonical autophagy is mediated by the evolutionarily conserved autophagy-related genes, that is, Atg genes [101] . Atg5 has been characterized as being an essential component in canonical autophagy, such that Atg5 deletion completely inhibits autophagy [102, 103] . More recently, it was reported that iPSC reprogramming relies on the Atg5-dependent autophagy that is transiently activated by Sox2 overexpression early in reprogramming and that cells lacking Atg5 may abrogate iPSC formation [100] . However, discrepancy has been found with these findings. Sotthibundhu et al. have reported that robust iPSC reprogramming does not rely on Atg5-dependent canonical autophagy. This Atg5-independent autophagic process clears mitochondria to facilitate the metabolic switch from mitochondrial oxidative phosphorylation to glycolysis that has to occur during reprogramming. Blocking such autophagy, but not canonical autophagy, inhibits mitochondrial clearance, in turn, preventing iPSC induction. These results suggest that the Atg5-independent autophagy is crucial for establishing pluripotency [104] .
Ozeki and his colleagues have recently investigated miR-211 regulation and Atg signaling during the osteogenic differentiation of human iPSCs [105] . During osteogenic differentiation, there were dramatic increases in the miR-211 and protein levels of Atg14, together with increases in the amount of autophagosomes and increases in autophagic fluxes in human iPSCs. Treatment with a small interfering RNA capable of targeting Atg14 suppressed the osteogenic differentiation of these human iPSCs. Importantly, the osteogenic phenotype was inhibited by chloroquine (an autophagy inhibitor) but was increased after treatment with rapamycin (an autophagy inducer). The addition of chloroquine resulted in the suppression of Atg14 expression and a decrease in autophagosomes in differentiated cells; in contrast, addition of rapamycin resulted in an increase in Atg14 expression and the accumulation of autophagosomes [105] .
Neurodegenerative diseases originate from a loss of neurons in the central nervous system and are severely debilitating. Until recently, the main resource for in vitro neuronal studies has been primary neurons isolated from rodent brains. However, research focused on human neurons is restricted because primary human cultures are limited by sample availability and by obvious ethical concerns. The ability to differentiate hiPSCs into neurons has provided researchers with the tools to begin to study human neurodegenerative diseases. In the mammalian nervous system, autophagy is required to maintain its normal functions and homeostasis. Using hiPSC technology, researchers have been able to generate many types of neurons that are lost in human neurodegenerative disease in order to study the role of autophagy in these diseases [106] .
Alzheimer's disease (AD) is the most common neurodegenerative disease [107] . The study of autophagy in iPSCderived human AD neurons has improved our understanding of autophagy in this disease. Lee et al. have examined autophagy dysfunction in iPSC-derived neurons derived from familial AD (FAD) patient cells with a presenilin-1 (PS-1) mutation. They found an increase in autophagic vacuole accumulation in PS-1 mutant neurons and a decrease in TFEB target genes, indicative of decreased autophagic flux. In addition, when they suppressed acid sphingomyelinase, both lysosomal biogenesis and autophagy activity were restored to normal levels [108] . Reddy et al. have generated iPSC-derived human forebrain cortical neurons from AD patients with M146L and A246E mutations, as well as with a PS-1 knockdown in control neurons [109] . They found a reduction in the CLEAR-luciferase reporter activity in these iPSC-derived human AD neurons as well as a decrease in LC3II levels in PS-1-knockdown neurons, suggesting decreased autophagy initiation, as well as autophagic flux.
Parkinson's disease (PD) is a neurodegenerative disease, second only to AD, which is caused by the loss of dopaminergic (DA) neurons in the substantia nigra, leading to the disruption of the nigrostriatal pathway [110] . Autophagy flux has been studied in iPSC-derived DA neurons from patients with idiopathic PD (ID-PD) or familial PD (mutation in leucine-rich repeat kinase 2 (LRRK2)). Over longtime culture, dopaminergic neurons (DAn) differentiated from either ID-PD-or LRRK2-PD-iPSCs showed morphological alterations, including reduced numbers of neurites and neurite arborization, as well as accumulation of autophagic vacuoles, which were not evident in DAn differentiated from Ctrl-iPSC. Further induction of autophagy and/or inhibition of lysosomal proteolysis greatly exacerbated the DAn morphological alterations, indicating autophagic compromise in DAn from ID-PD-and LRRK2-PD-iPSCs [111] . Fernandes et al. generated midbrain DA neurons using iPSCs from PD patients with the GBA-N370S mutation [112] . They recorded increased autophagosome numbers associated with elevated beclin1 and P62/SQSTM1 levels in these GBA-N370S lines. These observations strongly suggested that autophagosomal-lysosomal turnover is impaired in the mutant lines.
Progress in the application of iPSC neural differentiation protocols has provided researchers with an unrivalled opportunity to study, in greater detail, how autophagy pathways contribute to neuronal function and survival in complex human neurodegenerative diseases and how these can be exploited for neuroprotective and/or neurorestorative therapies.
Concluding Remarks
Stem cells fuel tissue development, renewal, and regeneration, and these activities require a strict control of protein turnover and lysosomal digestion of organelles in stem cells. Autophagy is a highly conserved process and serves as a major regulator for the acquisition of precise cell morphology and function through the control of protein turnover. The past decade has witnessed a significant growth in interest regarding stem cells and autophagy; however, our understanding of the role of autophagy in stem cell biology is still in its infancy. Thus, it is reasonable to expect that a deeper understanding of the role of autophagy in stem cell biology may promote the research and application of stem cells on a broader scale. Given the different specific characteristics of particular stem cells, studies on the regulation of autophagy in stem cell biology will be facilitated by using welldefined in vitro stem cell systems and by using genetic models in vivo. In addition, it will still be necessary to develop specific methods to allow for the monitoring of selective autophagy targets (e.g., the mitochondrion) in living stem cells that are undergoing proliferation or differentiation, which will also help to increase our understanding of basic stem cell biology.
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